The high rate of civil commitment in West Virginia indicates that the bureau of mental health in the state has been inefficient and unproductive at facilitating the procedures of mental health system delivery, to the point that the two state hospitals of West Virginia are often at their full capacity and incapable of admitting any new cases. This inadequacy at managing psychiatric emergencies causes frequent diversion of civil committed patients from the state psychiatric hospitals to other community psychiatric units, and ultimately costs the state an un-budgeted $4 million annually.
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counties. Both hospitals only accept involuntary patients, either through civil commitment or through court order via the judicial system.
Motivation
According to the data from the "Commission on Mental Hygiene Reform, Final Report," from 1995-2003 the rate of involuntary commitment among psychiatric patients has increased by 447%, and has continued to increase since then [6] . As a result, state-owned psychiatric hospitals lack the available beds for the involuntarily-committed patients most of the time, which results in the diversion of these patients to community psychiatric units, which costs the states millions of dollars annually. The records from William R. Sharpe, Jr. Hospital indicate that they have been constantly faced with a lack of available beds, or over-capacity of their 150 beds, since 2002.
The lack of available beds in hospitals, which sometimes results in overcrowding, has very destructive consequences on patient care and employee health, especially in the case of psychiatric hospitals. Increased use of PRN mediation due to patient aggression and violence, increased stress level among hospital staff (which in some cases is associated with special mental disorders such as depression due to the increased workload), and increased staff burnout and job dissatisfaction are some of the significant effects of overcrowding or over-bedding in psychiatric hospitals [7] .
As mentioned before, diverting patients to other psychiatric units has been occurring frequently in the two state-funded psychiatric hospitals as a provisional solution to their overcrowding problem. Although patient diversion might momentarily solve the problem, there are some problems with applying this solution:
1) It doesn't have a considerable effect on improving the quality of patient care.
2) Bed availability, location remoteness and selection criteria are some of the problems That routinely limits the use of diversion as the primary solution for over bedding.
3) It is very costly in the long term.
Thus heavy reliance on community hospital diversion may well not be the least costly solution, much less a solution that leads to high-quality patient care. So far no significant research has been done to systematically investigate the cause and solutions to the overcrowding problem in West Virginia mental hospitals.
Research Objective
The main objective of this work is to perform statistical and simulation-based analysis to assist capacity-related decisions at the state psychiatric hospitals.
Research Approach
Some basic statistical analyses were first performed on the historical data at William R.
Sharpe, Jr. Hospital over the past seven years. A simulation model was developed to model the patient flows through the hospital. In the model, a flocking algorithm was employed to simulate patient arrivals. Multiple simulation replications were performed for performance evaluation and sensitivity analysis.
Literature Review
Simulation is known to be able to model practically any real systems. The challenge involved in building a simulation model representing the patient flows through the hospital lies in the simulation of patient arrivals, which are non-stationary multivariate time series. In this part, a review is provided for the non-parametric flocking algorithm for time series simulation, which was adopted in this work as part of the simulation model.
The flocking algorithm is originally a technique developed to simulate the flight paths of a flock of birds, also called boids. This concept was proposed for the first time in 1987 by
Reynolds, in computer science and social emergent behavior modeling. Reynolds considered the emergent behavior of the flock to be the result of interactions between simple rules, and modeled a few of these simple rules. These models were then used to simulate flocks. The rules of
Reynolds' simulation were: 1) collisions must be avoided, 2) each boid should fly with the same speed and in the same direction as the other boids (velocity matching), and 3) the boids' intention is to fly around the centroid of its neighbors (flock centering) [13] . The simplicity of these rules allows extending the use of such self-organized behavior to more useful purposes, such as data visualization. Proctor and Winter in 1998 added a fourth rule to Reynolds' rules, which was about modifying the motion of individuals considering some similar measure which can be derived from a set of data. They defined the concept of information flocking in such a way that each individual boid is associated with a single data item. This flocking motion allows visualizing the similarities between the data items [13] . of real data, software programs have been designed to simulate complex situations, such as the movement of forces in combat situations, often using agent base modeling. The agents' desired paths are shown by waypoints, and users should make decisions in advance of the waypoints. In cases where the objectives of agents are obvious, it is often difficult to code these waypoints into the model. In order to design a patrol system to prevent crossing, it is necessary to simulate the possible waypoints in such a way as to be able to test the capabilities of the patrol strategy.
Schruben and Singham presented the flocking algorithm as their approach for simulating these waypoints. There are red agents in a border crossing model who intend to move forward undetected across the border, whereas the blue agents patrol back and forth along the border.
They refer to the waypoints of the red agents as the trace data, whose paths will be used to generate new paths (alpha boid). New waypoints tend to follow the alpha boid, with respect to the affinity factor considered in the model, while trying to keep the properties of trace data, such as dependence. The inverse direction of red agents is also considered in the model. The final step is to run the model using the simulated biods' paths to see how well the program does, and also to determine which types of paths are more probable to result in an agent's success.
Chapter 3 Methodology

Problem Statement
Inside the U.S., both the state and local governments take responsibility for the evaluation and treatment of involuntarily-committed psychiatric patients, while the overall process is governed by state laws, regulations and budgeting choices. While there are some differences between the state and local bureaucratic processes for involuntary psychiatric commitment, staterun psychiatric facilities are almost always in charge of taking care of involuntary psychiatric commitments so that immediate inpatient care and treatment to be provided for this population.
Therefore, almost all state psychiatric hospitals are struggling with the patient over-bedding problem, leading to the diversion of patients to community hospitals.
Correspondingly, the two state-funded psychiatric hospitals of West Virginia, with a total 240 beds, have repeatedly faced this challenge and had to divert patients to community centers as a result. This temporary solution carries several drawbacks, several of which were mentioned in Chapter 1. Each of these two state psychiatric hospitals has its own designated catchment area, and they both only accept involuntary patients either through civil commitments or court order.
Civil commitments fall into two categories: initial commitment (IC) and final Commitment (FC).
Initial commitment is also called Probable Cause, indicating an involuntary hospitalization of patients for up to 30 days. After this period of inpatient care, any sign of imminent self-harm or danger to others will result in final commitment (FC) of the patient for further hospitalization.
According to previous records of the studied state hospital, since 2002 William R.
Sharpe, Jr. Hospital has regularly been above its designed capacity of 150 beds, which provided a strong motivation to investigate the cause and solution to the over-bedding problem. In order to approach this issue, statistical analysis was performed on historical data from the hospital to provide input for designing a computer simulation model to replicate the hospital's daily admissions, releases, diversions and lengths of stay in order to achieve an approximate rate of diversion. Then, as the final part of this work, sensitivity analysis was carried out.
Materials and Methods
This study was conducted at William R. Sharpe, Jr. Hospital. with the total capacity of 150 beds, the hospital is one of the two state-funded acute inpatient psychiatric hospitals in West
Virginia in which Psychiatric patients are admitted to the hospital only thorough court order as forensic patients or involuntary commitment. The hospital serves 42 counties out of total 55 counties of West Virginia which is about 65% of West Virginia's population. At the beginning of this study there were about 75 forensic patients and 75 civil committed patients at the hospital, so that half of the hospital's beds were occupied by involuntary civil committed patients who were all 18 or older. The legal status for civil commitments fall into two categories of initial commitments and final commitments, and both will be extended if patient is an imminent threat to self or others. This study concentrates on the admission's procedure of involuntary civil commitments, and all court order commitments will be excluded from this study.
Data Collection Methods
The original copy of historical data for this study includes an Excel spreadsheet recorded and maintained by the hospital's admission office. This document contains basic admission data, including medical record number, name, age, gender, county in which the patient was committed, legal status, admission date and discharge date. A new Excel database was created with de-identified personal data by removing their name, age, and gender; the medical record numbers were hashed into new item numbers. The new item numbers were matched to patients to distinguish those who had more than one admission during the duration of this study.
The new modified data was stored on a password-protected laptop which was designated for this research only. This research study was approved by the hospital research committee and West Virginia University institutional review boards, and was granted a waiver regarding the requirement for obtaining informed consent and Health Insurance Portability and Accountability Act authorization.
Data Analysis and Simulation
Different categories of patients, based on the legal status and the county of commitment, were taken into consideration as the key factors for this research study. The study window for the admission dates starts from 1/2/2007 and ends on 11/29/2013, a total of 2524 days. The patient's length of stay at the hospital was calculated by subtracting their discharge date from their admission date.
If a patient was still at the hospital, or did not have a discharge date recorded by the end of the seven year study window, it was assumed that he/she was discharged on December 31, 2013 to obtain more precise bed-occupying days for those patients.
The major goal of this research study is to create a simulation model which accurately represents the true admission procedure of patients to William R. Sharpe, Jr. Hospital. The following notations represent the collected historical data in our study:
T-The time horizon considered in this study, equal to 2,524 days.
n 1 -The number of IC patient arrivals during the time horizon, equal to 11,054.
n 2 -The number of FC patient arrivals during the time horizon, equal to 848.
The patients' arrivals during the time horizon, where represent the number of arrivals for IC and FC patients, respectively, on the day.
: The length of stay for the h IC patient.
: The length of stay for the FC patient.
Simulation Model
A simulation model was developed to model the admission, stay, and departure of patients. The simulation model was designed and implemented in MATLAB, and consists of two major algorithms.
The first algorithm is adapted from the flocking algorithm [12] , and is used to simulate the input arrivals of patients. It simulates multivariate time series without requiring the various restrictive assumptions typically required by conventional methods. The historical data of patient arrivals over the time horizon were denoted as the bivariate time series as:
, and they were used as the input for algorithm 1. The vector represents the simulated number of patient arrivals for IC patients, denoted by , and FC patients, denoted by , on the day. Algorithm 1 takes the real historical bivariate time series as the input and generates the non-negative integer bivariate time series denoted as { , .
There are two user-specified parameters for algorithm 1: the affinity parameter, which is defined according to the modeler's preference about how similar the generated data are supposed to be to the Alpha boid (real data), and the noise parameter, to model the uncertainty involved in patient arrivals. These two parameters are set at 0.65 and 0.55 respectively in this work. The outputs of algorithm 1 were all rounded to the nearest non-negative integers to ensure that all the elements of the generated bivariate time series are non-negative integers. Multiple realizations of { can be generated by algorithm 1, and each realization represents a possible scenario for patient arrivals to the hospital over the time horizon. A brief explanation of these two algorithms is presented below.
With I 2 being the 2x2 identity matrix and 0 2 as a two-dimensional zero vector, Algorithm 1 is described as follows.
Algorithm 1:
Inputs:
(a) Real data, which is a historical bivariate time series of patient arrivals denoted as (b) Affinity parameter .
(c) Noise parameter .
Process:
Initialization: randomly sample from multivariate normal distribution Figure 1 shows the historical patient arrivals and also the generated patient arrivals by algorithm 1 over a 60-day period. The generated outputs resemble and deviate from the real data on different days. Algorithm 2 is a simulation framework which uses the output of Algorithm 1 as its input, and was developed to simulate the whole admission procedure, such as arrival, stay or diversion, and departure of the patients.
In
Step 1, algorithm 1 is called to generate the number of arrivals for IC and FC patients over the time horizon. In Step 2, the lengths of stay will be simulated using the bootstrapping resampling method. This method uses the real historical data to simulate a patient's length of stay at the hospital so that a patient's departure time is subsequently determined. According to the hospital policy, FC patients have higher priority to be admitted than IC patients when available beds at the hospital are lacking.
It is assumed that there are no patients at the hospital at the time of initiating the simulation. The time horizon of this study is 2,524 days, so the simulation's length (T) is set to 2,524 days. The diversion rate of patients was computed only during the period (t 0 , T] and as it is the output of Algorithm 2, it is the performance metric of interest in this work. The warm-up period t 0 for this simulation model was set to 365 days.
According to the historical data, there were a total of 11,902 patients admitted to the hospital during the time horizon; however 7,967 of them (about 66.94% of total incoming patients) were diverted to other psychiatric community centers. Later in the next chapter, in order to validate the simulation model, the actual rate of diversion is compared to that estimated from the simulation model.
Algorithm 2:
(a) N b is the total number of beds at the hospital. (e) Noise parameter .
(f) Warm-up period length t 0 .
Process:
Initialization:
Set D t =0 for t=1, 2, …, T, with D t representing the number of patients discharged on the t th day.
Set E t =0 for t=1, 2, …, T, with E t representing the number of current patients at the hospital at the beginning of the t th day.
Set K t =0 for t=1, 2,…, T, with K t representing the number of diverted patients during the t th day.
Set E 0 =0 to represent the number of patients at the hospital at the beginning of the simulation.
Step 1: Call algorithm 1 with inputs ,  and .
Return the simulated patient arrivals over the time horizon, denoted as:
Step 2: FOR t =1 to T
Randomly sample from real data , and assign it to . The diversion rate, which was estimated as: .
Chapter 4 Results
Statistical Analysis
The information for civil committed patients for ten selected counties, including the top referring counties A-E and the bottom referring counties F-J, is summarized in Table 4 On the contrary, the least referring counties, represented as F, G, H, I and J, had the lowest contributions to the total civil patients at the hospital. The number of admissions ranged from 0.64-0.28% of the total civil admissions, respectively, and the number of bed-occupying days was accordingly within the range of 0.80-0.11% of the total bed occupying days.
It is shown in Table 4 .1 that county A, with a total of 2,294 (854+1440) patient visits, had the highest number of visits to the hospital. Of these, 1,440 patients were diverted to other community hospitals due to the lack of available beds, and 854 patients were admitted to the hospital, which was about 21.70% of total admissions during the time window of this study.
County A with 28,240 days of utilizing the hospital beds (or about 13.18%) has the greatest contribution to the total number of bed-occupancy days during the time window of this study.
From In order to avoid a false interpretation about the counties' contributions to the total civil commitment admissions, the annual population of each county was collected and listed in table 4.1 to control the sampling size bias. According to the population data recorded by the United States Census Bureau, the ratios of annual civil visits to annual population of each county from 2010-2013 are presented in Table 4 .2. These ratios vary from 0.0-0.17 %. Table 4 -2: Annual admission totals and population data of ten selected counties 2010-2013
From Table 4 .2, it is obvious that there is no correlation between the population size of the listed counties and the number of civil visits referred by those counties. While county A remains the first-ranked county by number of civil visits per capita, the ratios of civil commitment visits per capita generally declined across the majority of selected counties from 2010-2013.
A summary of the frequency of patient readmission to the hospital, and the bedoccupying days of patients with respect to the number of readmissions over the entire time window, is provided in Table 4 .3. Since it represents the number of individual admission, the diverted patients were excluded from the calculations. The total number of admissions equals 3,935, of which 2,056 patients have only been admitted once to the hospital, covering about 39.35% of total bed-occupying days.
There were 1,879 patients who had more than one admission to the hospital. Of these, 12 patients were admitted 10 or more times, and one person had been admitted 49 times.
Readmitted patients had a significant contribution to the total bed occupancy of the hospital, such that 594 patients with more than one admission totally contributed about 60.65% of the total bed occupancy at the hospital. Furthermore, 37.35% of total bed-occupying days were dedicated to the 255 patients admitted more than twice. According to Table 4 .3, the average bed-occupying days for the patients who have been admitted only once was 41.01 per patient and also per visit, while almost all the readmitted patients had a greater contribution to the total bed occupancy at the hospital. The rest of the readmitted patients had been occupying the hospital's beds for a longer period. The shortest average number of bed-occupying days per visit belonged to the four patients who were admitted to the hospital more than 18 times. Regarding those FC patients who were admitted to the hospital for initial psychiatric treatment for greater than 30 days, the length of stay for them (about 83.63%) varied from 7-182.5 days. The maximum length of stay for FC patients was recorded as 2,131 days, and if patients were discharged from the hospital within 24 hours of admission the number of bedoccupying days was set to zero.
Simulation Result
The principle objective of this study was to develop a simulation model in order to investigate the impacts of changing some input variables of the simulation algorithm on the diversion rate of patients. These input variables include the total number of available beds at the hospital, patient arrivals and the lengths of stay at the hospital.
As a point of reference, a benchmark scenario is defined with respect to these three main inputs: (a) N b =75, (b) the historical data for patients' arrivals {a t ; t=1, 2, …, T} and (c) the historical data of length of stay at the hospital for IC and FC patients, denoted by {p i ; i=1, 2, …, n 1 } and {q i ; i=1, 2, …,n 2 } respectively. This benchmark scenario was performed for 500 simulation replications by running algorithm 2 500 times in order to get 500 different diversion rate estimations.
Using these estimates, the cross-replication average rate of diversion, sample standard deviation and 95% confidence interval (CI) were calculated for this sample size of 500 different diversion rates. The values for the mentioned statistics are 66. 96%, 2.23% and [66.76%, 67.16%] respectively, so that the real historical diversion rate of 66.94% was also included in 95% CI.
Alternative scenarios were created by adapting different values for the above three input variables (a)-(c). Each simulation scenario was performed 500 times to obtain 500 replications of the diversion rate in order to compare the statistics mentioned above with the ones from the benchmark scenario. These corresponding statistics for the diversion rate are presented in Table   4 .5, Each table presents the following columns regarding each scenario: "Mean" and "Standard Deviation," which provide the average diversion rate and standard deviation of the diversion rate across all the replications. The "Reduction" column shows the estimated decrease in expected diversion rate compared to the benchmark scenario and finally the "CI" column represents the 95% confidence interval of the expected decrease.
If the lower band of the CI is greater than zero, the alternative scenario will be considered significantly different from the benchmark with respect to the diversion rates.
Increasing the Hospital Capacity
In this section of study, the input (a) is adjusted to three different capacities: N b = 85, 95
and 115, in order to investigate the system's performance under these three different scenarios accordingly. The results are provided in Table 4 Different alternative scenarios were generated by reducing the number of patient arrivals, (b), by 10% and 20%. According to historical data, the top five counties together account for 48.02 % of total patient arrivals, so the reductions were implemented on these five counties. Table 4 .6 is provided to present the impacts of reducing patient arrivals on diversion rates.
Furthermore, the results of comparing this scenario with the benchmark are also given in this Based on the obtained results presented in Table 4 .7, the reduction in the lengths of stay did significantly decrease the simulated diversion rates in comparison to the effects by other alternative scenarios.
Chapter5
Discussion and Conclusion
This study is designed to contribute to the development of the mental healthcare system in West Virginia for psychiatric patients, along with employees and all other involved parties which benefit by affecting the capacity-related decisions at one of the main assignment centers for psychiatric issues in the state, William R. Sharpe, Jr. Hospital.
A multitude of factors affect the involuntary state psychiatric hospitalization process and play key roles in the system's efficiency, performance and quality, which makes it more difficult to study. Although it seems that the immediate purpose of this work is to find the key to addressing the current capacity-related problems at West Virginia's state psychiatric hospitals, ideally its underlying purpose is to provide an adaptable framework for facilitating administrative decision-making as well as policy planning regarding the outcome and the maximization of cost-benefit among various healthcare sectors and scenarios.
Hospital managers and policymakers benefit from this research study by receiving different insights into several specific areas when addressing over-bedding problems. In order to address such problems while focusing on the counties with the highest number of commitments, different practical shortcuts might be utilized, such as increasing the number of beds in crisis units to help the patients who only need a brief crisis intervention; collaborating with other community mental health facilities to improve the quality of long-term treatment plans for patients who have multiple admissions, while improving key factors that show enormous effects on mental health, such as family, society support, treatment adherence and relapse, into consideration.
Since dispersion problems are frequent among many state psychiatric hospitals, increasing the number of group homes and assisted living facilities could be considered as another alternative to reducing the lengths of stay at hospitals. This approach helps patients to improve their mental health status by increasing medication compliance and intervention efficiency, while also benefiting from a stable therapeutic living environment.
In terms of hospital expansion and budgeting, this study provides a scientific approach based on historical data and daily census to ascertain the reasonable capacity needed by hospitals to address the over-bedding difficulties. According to the simulation's output, shorter lengths of stay reduce the diversion rate of patients, which is a milestone in facing the over-bedding problem; however, the quality of patients' care must not be sacrificed in the name of shortening patient hospitalization time. When addressing this problem, it is necessary to take both the benefits and limitations of inpatient psychiatric treatments into consideration. A high quality of inpatient care plays a key role to the successful discharge of patients, even in the presence of all possible solutions proposed before.
This study can be easily expanded and adapted to be applied in other healthcare sectors to address similar challenges. With the cost information, decision trade-offs can be evaluated based on the simulation model, and further, optimal (or near optimal) decisions that balance cost and service quality can be obtained.
